cumulenes with readily available greenhouse gases like carbon dioxide and carbon monoxide has gained importance as it can generate useful compounds like carbodiimides. 8 Metathesis of carbon dioxide with carbodiimide leading to the formation of isocyanates has also been demonstrated. 6, 9 Recently Bergman et al. have shown the formation of a six membered metallacycle intermediate by insertion of an isocyanate into the Ir-N bond of an iridium guanidinate in similar reactions. 10 In this study we report the metathesis reactions of phenyl isocyanate, carbon dioxide, carbon disulfide and 1,3-diphenyl carbodiimide using titanium isopropoxide. Isopropoxide insertion is a key step in these reactions.
The insertion of heterocumulenes into titanium isopropoxides had been investigated by several workers in the 1970s. 11, 12 As part of our reinvestigation of the insertion of aryl isocyanates into titanium isopropoxides, the reaction was carried out at a higher temperature in refluxing toluene. Along with the inserted carbamates, we were surprised to find products formed from the insertion of isopropoxide into carbodiimide. The reaction of titanium isopropoxide and phenyl isocyanate led to the formation of a mixture of complexes (Scheme 2), which was not possible to separate. The complexes were hydrolyzed and the TiO 2 removed by filtration. The organic products formed by insertion of the isopropoxide ligand into phenyl isocyanate (3a) were extracted and characterized. A small amount of (4a), formed by insertion of carbodiimide into a carbamate, was also isolated (for crystallographic characterization of 3a and 4a see ESI{){.
To find out the effect of carbon dioxide elimination on the metathesis, the reaction was carried out in a sealed vial in an atmosphere of carbon dioxide using tetrahydrofuran as the solvent. As the system was rich in carbon dioxide, it suppresses the elimination of carbon dioxide and results in reduced metathesis and insertion products formed from insertion into the metathesis products. Thus only 27% of the metathesis product was observed in an atmosphere of carbon dioxide instead of 46% observed in its absence.
ð1Þ
{ Electronic supplementary information (ESI) available: structure of 3a and 4a, data on metathesis with aryl isocyanates and experimental details. See http://www.rsc.org/suppdata/cc/b4/b417713d/ *ashoka@ipc.iisc.ernet.in Scheme 1 Insertion of two molecules of ArNCO in a head to head fashion and elimination of carbon dioxide from 1.
Scheme 2 Metathesis of two equivalents of aryl isocyanate with titanium isopropoxide and the products formed on hydrolysis of the reaction mixture.
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Since metathesis of phenyl isocyanate was suppressed in the presence of carbon dioxide, we decided to study the metathesis of carbon dioxide with other heterocumulenes such as diphenyl carbodiimide (eqn. (1)). These reactions were carried out in sealed vials in tetrahydrofuran as the solvent, at 110 uC. In the reaction of the carbodiimide and carbon dioxide, the metathesis product was phenyl isocyanate which was isolated as the inserted product (Table 1) .
The product ratio was only dependent on the amount of carbon dioxide used in the reaction. Thus, doubling the amount of carbon dioxide resulted in twice the amount of 2a while the amount of 3a was reduced and the side product formed was not affected. The reaction had reached equilibrium in 24 h and continuing the reaction for a longer time (48 h) did not change the ratio of 2a and 3a (entries 3 and 4). The product ratios are thus equilibrium ratios and are not kinetically controlled.
In an attempt to probe the importance of insertion prior to metathesis, a metathesis reaction with carbon disulfide was attempted with carbodiimide. We have shown that carbon disulfide does not undergo insertion into titanium isopropoxide. 13 Surprisingly small amounts of the metathesis product, phenyl isothiocyanate (4%) and isopropyl phenyl thiocarbamate (4%), were obtained upon insertion of isopropoxide into phenyl isothiocyanate, along with 87% of compound 3a.
We have recently observed that the insertion product from carbon dioxide and titanium isopropoxide can be isolated only in the presence of trace quantities of water. 14 In the absence of water, under the metathesis reaction conditions reported here with carbon dioxide and diphenyl carbodiimide, only insertion of diphenyl carbodiimide was possible. Metathesis between diphenyl carbodiimide and carbon disulfide or carbon dioxide probably occurs through the intermediate formed by insertion of diphenyl carbodiimide 12 followed by reaction with weakly coordinated carbon disulfide or carbon dioxide.
To find out if these metathesis reactions can be carried out in a catalytic fashion, the reactions were carried out with small quantities of titanium isopropoxide (Scheme 3). In the catalytic reactions, the isolated yield was moderate ( Table 2 ). The unreacted isocyanate was generally isolated as the urea on workup. The yield was found to decrease when the reaction was carried out with higher amounts of isocyanates. Surprisingly, the isolated yield was lower for the 4-methylphenyl isocyanate in comparison with the phenyl isocyanate under similar conditions. These reactions show that titanium isopropoxide can be utilized to catalytically convert isocyanates to the carbodiimides.
In summary, we have encountered a metathesis reaction that could be of considerable value in utilizing carbon dioxide. Metathesis and insertion products can be isolated when stoichiometric amounts of aryl isocyanates and titanium isopropoxides react with each other in refluxing toluene. Elimination of carbon dioxide is a key step. Since the reaction is completely reversible, the metathesis of carbodiimides with carbon dioxide can be conducted leading to the formation of isocyanates. The metathesis reaction is faster for heterocumulenes which insert readily. It also occurs between two heterocumulenes when one of them inserts, whereas the other only reacts with the first insertion product and not with the isopropoxide. We have demonstrated that this reaction can be carried out in a catalytic fashion.
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